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ABSTRACT
The use of the Ferrograph in analyzing wear particles from a variety of
different sources is reported. Examples of wear particles from gas turbine
engines, bearing tests, friction and wear tests, hydraulic systems, and
human joints are illustrated. In addition, the separation of bacteria and
human cells is described.
INTRODUCTION
Spectrometric analysis (ref. 1) has been used for many years to monitor
the wear metal con-Lent of used lubricants. Other techniques include parti-
^	 cle counters, vibration monitors and magnetic chip detectors. These tech-
niques all suffer from the disadvantage of not being able to determine which
LL,	 wear mode is producing the wear debris.
In 1972, Seifert and Westcott (ref. 2) introduced a technique capable
of elucidating the wear modes occuring in a wearing system. This is ac-
complished by precipitating the wear particles from a used lubricant onto a
glass slide (Analytical Ferrograph) or inside a glass tube (Direct Reading
Ferrograph). The precipitation is accomplished by passing the used lubri-
cant through the tube or over the slide in the presence of a high gradient
magnetic field.
Ferrography has been used for the condition monitoring of gas turbi;ie
engines (refs. 3 and 4), earth-moving equipment (ref. 5), diesel engines
(refs. 6 and 7) and hydraulic systems (refs. 8 and 9). This technique has
also been used in a variety of fundamental wear mechanism studies (refs. 10
to 14) and in certain medical applications (refs. 15 to 18).
The objective of this paper is to review the occurrence of various
types of wear particles and lubricant contaminants and to discuss the pro-
cesses responsible for their generation.
APPARATUS
Ferroscope
The Ferroscope used in this study is a Richert Zetopan large research
microscope equipped with a bichromatic illumination system, a camera and a
photodetector. The system provides for both transmitted green light and
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reflected red light simultaneously. This high contrast combination makes it
possible to distinguish light transmitted through particles from light re-
flected by the surfaces of the particles. Opaque particles return the
reflected light and appear red. Transparent particles reflect little light
but pass the transmitted light and appear green. The microscope is also
equipped with polarizers which allow examination of particles in reflected
__ - - -°'-a
polarized light. This yields information concerning the optical activities
of the particles. The photodetector is used to measure the amount of parti-
cles at various locations on a Ferrogram.
Scanning Electron Microscope (SNM)
The SEM used in this study is an ISI-40/4 having a 60 A resolution with
10 X to 600 000 X magnification range. In addition, the system is equipped
with a PGT SYSTEM III energy dispersive x-ray analyzer for elemental parti-
cle analysis.
Analytical Ferrograph
Tito Analytical Ferrograph is an instrument used to magnetically pre-
cipitate wear- particles from a used oil onto a specially prepared glass
slide. A mixture of 3 ml of used oil and 1 ml of solvent is prepared.
This mixture is then slowly pumped over the slide as shown in figure 1.
A solvent wash and fixing cycle follows which removes residual oil and
permanently attaches the particles to the slide. The resulting slide with
its associated particles is called a Ferrogram. A sketch of a Ferrogram
slide is illustrates! in figure ?.
REGIMES OF LUBRICATION
Stribeck-Mersey Curve
Before discussing they types of wear particles it would be appropriate
to point out the various regimes of lubrication. The classical way of
depicting some of these regimes is by the well-known Stribeck-Hersey curve
(refs. 19 and 20) shown in figure 3. The coefficient of friction is plotted
as a function of a dimensionless parameter ZN/P, whe n^e Z is viscosity,
N is speed and P is the load.
At high values of 7.N/P which occur at high speeds, low loads, and
at high viscosities, the surfaces are completely separated by a thick
(>0.25 pm) (>10-
 in.) ;ubricant film. This is the area of hydrodynamic
lubriicatior: where friction is determined by the rheology ofthe lubricant.
For nonconformal concentrated contacts where loads are high enough to cause
elastic deformation of the surfaces and pressure-viscosity effects on the
lubricant, another fluid film regime, elastohydrodynamic lubrication (EHU),
can be identified. In this regime film thicknesses (h) may range from
(0.025 to 2.5 um) (10`6 to 10- 4 in.).
As film thickness becomes progressively thinner, surface interactions
start taking place. This regime of increasing friction, in which there is a
combination of asperity interactions and fluid film effects, is referred to
as the mixed lubrication regime. Finally, at low values of the ZN/P parame-
ter, one enters the realm of boundary lubrication.
Wear vs Load
All of the regimes depicted in the Stribeck-Mersey curve can also be
illustrated in an idealized plot of wear versus load (fig. 4). Here, in
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addition to hydrodynamic, CHO, mixed and the'' boundary regime!, transitions to
severer wear and seizure are illustrated.
W AR PARTICLES AND SURFACE DAMAGE
Redo, et al. (ref. 01) have reported on the types of wear particles and
surface damago that ensues as load is continually increased for a lubricated
steel on steal sliding couple (similar to the plot of fig. 4).
Hydrodynamic and foul» Regimes
Since the surfaces are completely separated in these regimes, no wear
or surface damage should be evident, This is the case with a featureless
surface (fig. Q)) with only a few isolated wear particles (fig. 6(b)),
probably due to start-up or shut-down.
Mixed and tloundary Lubrication Regimes
These are mild weer regimes where ponutration of the boundary fill"
occurs. This produces they surface damage as illustrated in figure b(a).
Wear particles are generated in a thin surface layer that is continuously
removed and reformed during they sliding process. In Fevrographic termi-
nology these wear particles are referred to as normal rubbinel woar parti-MS. These flAke-like particles are roleasod into the lublant by on
oxfoliation or fatigues-like process. The rate of removal of this surface
layer is less than its rate of formation. tear occurs continuously, but at
a low rate.
These wear particles are Arranged in strings by the magnetic field
of the rerrograph (fig. ti(b)). A scanning electron micrograph (fig. 7)
(ref. 11) at a higher magnification illustrates their flake-like nature.
Typically, for steel surfaces, these particles are 0.76 to 1.0 pm in thick-
noss with a major dimension of less than Ira pm.
The transition from they END regime into the mixed and boundary regimes
Is dramatically illustrated by ferrographic analysis (fig. 8) (ref. 11).
In this figure, the rorrogram density is plotted as a function of x which
is the ratio of they
 film thickness to the composite surface roughness.
This data was generated by sliding steel hails of three different rough-
nosses against a sapphire plate. As can be seen, the amount of wear debris
increases sharply at x values of one and below where surface interactions
begin taking plate.
Transition to Severe Dear.
As load is increased, there is some paint. (Y) (fig. 4) where tho rata
of removal of the surface layer starts to exceed its rate of formation.
A transition from mild to severe wear occurs. Surfavo damago becomes
more? extensive (fig. g (a)). As the» surface film starts to fail # much
larger metallic wear particles (up to 160 py in major dimension) are formed
(fi g . 9(h)).
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Failure
Finally, at very high loads, complete breakdown of the protective sur-
faceoccurs. Considerable smearing and tearing of the surface is evident
with grooving to 200 um (fig. 10(a)). Free metallic particles having dimen-
sions up to 1 mm are generated (fig. 10(b)).
OTHER TYPES OF WEAR PARTICLES
So far only normal rubbing wear and some severe wear particles have
been described. There are a number of other distinct types.
Abrasive Wear
Abrasive or cutting wear occurs when a hard surface or a hard particle
abrades a softer surface. The particles formed are very similar to those
produced by a lathe, only on a microscale. Typically, these particles are
2-5 um wide and 25-100 rim long. Examples of this wear particle type are
illustrated in figure 11.
The presence of abrasive contaminants or abrasive wear debris in a
lubrication system may cause the generation of much finer (thicknesses to
0.25 um) wire-like debris (ref. 22). In any case, the occurrence of abra-
sive wear debris indicates an abnormal wear mode.
Rolling Clement Fatigue
Rolling element bearings generate three particle types related to
f atigue. First, fatigue spall fragments are observed. This is the mate-
rial released when a spall opens up. Typically, these particles are flat,
irregularly shaped, platelets initially up to 100 um in size. They have a
major dimension to thickness ratio of about I.0 to 1. These particles are
similar in morphology to normal rubbing wear particles, only larger.
Examples of this type particle appear in figure 12.
Particles thought to be related to rolling element fatigue are metallic
mic:rospheres. They resemble miniature ball bearings and are of the order
of 1 to 5 um in diameter. Presumably, they are generated in propagating
Fatigue cracks. When these cracks reach the surface, spheres are released
into the oil. Our work (fig. 13) has shown an increase in sphere count just
prior to failure as detected by accelerometers (ref. 12). Earlier work
(ref. 13) involving accelerated rolling element fatigue tests yielded mixed
results. Some tests yielded increases in sphere counts while in others few
spheres were detected. An example of a sphere from a rolling element
fatigue test appears in figure 14.
A third particle type is sometimes observed during rolling element
fatigue. These are large (20-50 rim in major dimension) laminar particles
having a thickness ratio of about 30 to 1. They are probably formed by the
passage of a wear particle through a rolling contact.
Iron Oxide Particles
Occasionally, because of water contamination or other reasons, a spec-
trometer oil analysis (SOAP) will indicate large quantities of iron in a
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lubricant. However, after precipitation by the Ferrograph, it is evident
that most of the iron is in the form of oxides or rust (fig. 15). This
condition, which should be rectified, is not nearly as serious as one in
which all of the iron would be in the form of wear debris.
However, under certain conditions a mild form of oxidative wear can
occur. Here, the majority of particles are iron oxide of the a—Fe203 type.
Under more severe conditions, black oxide particles consisting of y-Fe203,
Fe304 and FeO predominate.
Both of these oxidative wear regimes are most commonly observed during
unlubricated conditions. However, both regimes have been observed during
lubricated sliding which is indicative of very poor, perhaps starved,
lubrication.
Nonferrous Particles
Nonferrous particles often appear in oil samples. They are the result
of wear processes taking place in pumps, hydraulic system components, bear-
ings or other parts containing nonferrous materials in sliding contact. An
example of a bronze wear particle is illu%crated in figure 16. It was the
result of high cage wear in a ball bearing during a fatigue test !ref. 12).
Grinding Particles
Spherical particles may also be produced by grinding operations
(ref. 14). In the optical microscope these spheres appear quite similar
to spheres related to rolling element fatigue. However, they are usually
larger in diameter (>10 um). SEM examination (fig. 17) reveals that many
are hollow and their surface features, both internal and external, indicate
that a melting and resolidification process occurred.
Similar spherical particles may be formed as a result of catastrophic
failure. Figure 18 reveals a number of spheres produced when a gas turbine
engine caught fire and exploded (ref. 3).
Lubricant Breakdown Particles
Some lubricants under sliding contact conditions produce large quanti..
ties of an insoluble sludge. This material, which is often referred to as
friction polymer, can clog filters, reduce clearances, and reduce the life
of the lubricant. An example of this type of debris is shown in figure 19.
These particles were generated by a polyphenyl ether during boundary lubri-
cation experiments (ref. 10). These particles are precipitated by the
Ferrograph because they do contain some iron from the steel surface.
Breakdown products that do not contain iron will not normally appear on a
Ferrogram. However, these nonmagnetic particles can be precipitated by
using magnetic ion solutions. Their use is described in the next section.
Hydraulic Fluid Analysis
The types of wear particles described thus far are mainly associated
with lubrication systems. However, these particles may also be produced in
hydraulic systems. Many failures in industrial hydraulic systems are not
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predictable by wear particle monitoring alone. Organic debris in the
hydraulic fluid may be indicative of seal or gasket failure.
Normally, this nonmagnetic debris will not be precipitated by the
Ferrograph. However, the use of magnetizing solutions (ref. 9) which con-
tain rare .earth salts can effect precipitation. An example of the use of
these solutions is shown in figure 20. In figure 20(a), the percent area
covered by debris at various Ferrogram positions for the standard system
and the magnetizing system is shown for an initial hydraulic fluid sample.
A little more debris is precipitated with the normal solution. However,
data for a sample taken later from the same hydraulic system appears in
figure 20(b). Now a large amount of additional debris appears with the
magnetizing solution indicative of large amounts of organic debris in the
sample. Subsequently, a hydraulic system failure occurred which was attri-
buted to the failure of a fluoroelastomer seal.
BIOLOGICAL APPLICATIONS
The same type of magnetizing agent erbium chloride (ErC1 3 ) can be used
to pre:ipitate biological debris (refs. 15 and 16). Here, of course, the
solutions are designed for aqueous samples. An example of a biological
application of these solutions is shown in figure 21. The separation of a
micro-organism (Escherichia coli) common to the human intestinal tract from
lymphocytes is illustrated. The lymphocytes have varying sizes, but are
still complet-lv precipitated by the 30 mm Ferrogram position. In contrast,
the E. coli are about uniformly distributed along the entire length of the
Ferrogram. Therefore, complete separation has been effected from the 0 to
30 mm position. This is a much better separation than could be obtained by
either filtration or centrifugation.
Another example of the differential bonding of the erbium chloride
magnetizing solution is shown in figure 22. Here, a solution of human blood
cells have been passed over the Ferrogram. Figure represents a cross sec-
tion of this Ferrogram at the 40 mm position. The ma netizing solution is
preferentially absorbed by the white blood cells (WBC^. In contrast, the
red blood cells (RBC) absorb little or none of the solution. In fact, the
RBC have a magnetic susceptibility less than the solution and are repelled
by the magnet. Most of the RBC simply run off the Ferrogram to waste,
although a few are pushed to the outside of the Ferrogram track.
Finally, magnetizing solutions have been used to precipitate wear
particles and other debris from both natural and artificial human joints
(ref. 15). One example is shown in figure 23. Here, a sample of aspirated
synovial fluid from an arthroplastic joint was Ferrographically analyzed.
This group of particles, photographed with polarized light, was identified
as poly (methylnaethacrylate), This is the material used to cement pros-
thetic components into bone. Its presence in the synovial fluid is cer-
tainly deleterious to the artificial joint. This rather hard material will
abrade both the metal and plastic joint components.
An example of metallic debris isolated from synovial fluid from a total
hip replacement appears in figure 24. The metal particle is embedded in a
piece of synovial tissue. Analysis of the metal particle indicated that its
probable source was from a hemostat during surgery. Apparently hemostats
i	 shed such particles due to repeated sterilizations.
`J
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Other particles have been isolated from normal human joints including
bone, cartilage, and mineral deposits (refs. 17 and 18). The use of Ferro-
graphy in diagnosing arthritic diseases and determining the wear patterns in
normal and artifical joints is now in its infancy.
CONCLUDING REMARKS
It has been shown that the Ferrograph can effectively isolate wear
particles and contaminants from a variety of different types of operating
equipment. In addition, its efficiency in separating biological components
has been demonstrated. The relationship of these particles to the various
wear mechanisms was also discussed. A detailed compilation of most of the
types of wear particles described in this paper appears in the Wear Particle
Atlas (ref. 22).
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